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Abstract
Low head bulb turbine has lower hub-tip ratio and higher flow capacity, the characteristics of easy 
deformation of the cantilever blades under the heavier loads， and the horizontal arrangement which 
adopted in bulb turbine. Therefore, the water gravity has a significant influence on the internal flow of the 
turbine. In order to explore the influence of gravity and non-uniform inflow which on the hydrodynamic 
characteristic and external characteristic of the bulb turbine, this paper has conducted a CFD simulation of a 
bulb turbine with the fluid-solid coupling method under the boundary condition which considering the free 
surface and gravity, and analyzed the changes of structural stress and strain under non-uniform inflow and 
gravity field conditions. The results show that the flow field becomes more complicated due to the vertical 
pressure gradient caused by gravity. The locality and periodicity of cavitation which occurred in the runner is 
obvious. And the alternating water pressure were acting on the blades when the runner during the rotating. 
And the axis symmetry went worse because of the influence of free surface, mutation of the flow passage 
and water gravity. With the rotation of the runner, blades which under the different circumferential positions 
were bearing the alternating stress. Also, the maximum deformation at the blade rim position varied in 
different circumferential positions. This phenomenon is not good for the safe operation of the units.  
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INTRODUCTION 
Since bulb turbine has symmetrical flow passage, the guide 
vanes and runner blade could be double regulated, and the 
optimal association relationship could be formed between 
each other. Thus, it can run at very low head conditions 
stably, and it becomes a good turbine type for developing 
ultra-large discharge, low and ultra-low head water 
resources and tidal energy. Obviously, the bulb turbine has 
lots of advantages and broad application prospects in 
cascade development of river. After nearly 80 years of 
development, the performance of bulb turbine has been 
greatly improved, but the operation range of bulb turbine is 
still limited by the units vibration. 
      For bulb turbine, the causes of vibration are 
multifarious. The entire unit is fixed by stay cone, bottom-
support of bulb body and two diagonal supports, and the 
structural deformation during operation always occured 
easily, which led to axial asymmetry at inner flow field. The 
cavitation of the bulb turbine mainly exist at the top of the 
runner chamber, and the asymmetry cavitation 
phenomenon led to the hydraulic imbalance and vibration. 
The pressure pulsation produced by blade end clearance 
jet undergoes an cyclic process that the pressure change 
from high pressure to low pressure, forms periodic pressure 
pulsation and induces unit vibration. The hydrostatic 
pressure 
difference caused by the gravity of water also can affect the 
hydraulic balance of flow. These factors make the blade 
subject to alternating stress[1].therefore, the length of the 
intake pipe is too short, the inflow from upstream reservoir 
enter into turbine before it's gentle, and causes unit vibration. 
Besides, when the upstream water level changes, the former 
pool surges phenomenon is another factor which result in 
vibration, cause runner blade deformation and even cracks. 
The performance research for bulb turbine is mainly 
carried out by using model test or numerical simulation, but it 
is difficult to meet the geometric and flow similarity 
simultaneously. Although the research is carried out under 
real size of machine, since the water gravity and free-surface 
of reservior do not take into account, and the  inlet flow is 
uniform and axial symmetry, there are still differences 
between the research result and the real situation, For 
example, the cavitation only occurs at the top of the runner 
chamber in real situation, while the cavitation phenomenon 
may appear in whole field of turbine runner in model test. 
literature[2] shows that the inlet inclination of bulb turbine can 
change the combination relationship and the flow state in the 
turbine. Therefore, a accurate performance prediction for 
bulb turbine is still an challenge for hydraulic machinery
researchers. some scholars had been studying various 
unstable signal in bulb turbine by using unsteady numerical 
simulation or model test [3,4], and conducting the transient
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dynamic analysis of runner and the interaction between 
fluid and structure by take the fluid-solid coupling method[5], 
But because they did not consider the water gravity,the 
free-surface of reservior and un-uniformity inflow, the 
vibration and blade deformation problom can not be 
analyzed accurately. 
Based on the previous research results[6,7] of the 
author , the numerical simulation of flow field in prototype 
bulb turbine with considering water gravity and free-surface 
of reservior was conducted. Under the gravity field, the 
Influence of un-uniformity inflow conditions on 
hydrodynamic characteristics of bulb turbine was explored. 
And the effect of un-uniformity inflow conditions and gravity 
field on structural stress and strain of runner blade was 
analyzed by using the fluid-solid coupling calculation. 
 
1. CFD METHODS    
1.1 Fluid control equation  
Continuity equation, momentum conservation equation and 
energy conservation equations are the basic equations to 
describe the flow regularity, any complex flow processes are 
governed by them in nature, so the flow state in turbine is no 
exception. Generally, water is regarded as an 
incompressible fluid flow, the heat exchange is very small, 
and the energy conservation is often ignored in the flow that 
water is taken as the medium. Based on these reasons, for 
the complex three-dimensional incompressible viscous flow 
in the turbine, the basic equations can be described as: 
Continuity Equation： 
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It is not closed when describing the turbulent motion by 
averaging N-S equations and the turbulence model should 
be introduced to make the equations closed. There is a 
variety of different turbulence models used to simulate the 
turbulent motion, currently the most widely used two-
equation model is the standard k-ε model, and the 
mathematical expression is: 
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Where, k is Turbulent kinetic energy, ε is Turbulent 
kinetic energy dissipation rate, σk is turbulent kinetic energy 
 
 
 
 prandtl number, σε is prandtl number of turbulent kinetic 
energy dissipation rate, μeff is Effective viscosity , μT is 
Turbulent viscosity, P is generated items of Turbulent kinetic 
energy ,model constants are: C1=1.44, C2=1.92, σε=1.3,σk=1.0, 
Cμ=0.09. 
The standard k-ε turbulence model is stable, simple and 
economic, and has sufficient accuracy in a wide range of 
applications, including boundary layer flow, pipe flow, shear 
flow, so it has been widely used. Therefore, the standard k-ε 
turbulence model is used to simulate the flow characteristics 
of the computational domain in this paper. 
 
1.2 Free surface tracking 
The flow simulation with the free surface focus on how to track 
the free surface, there are many ways to solve the problem, 
such as steel lid law, marking particle method, the height 
function method, VOF method. The advantage of VOF 
(Volume of Fluid) method is the only one can describe a 
variety of complex changes in the free surface. So, in this 
paper, VOF method is used to solve the water-air two-phase 
flow in bulb turbine with considering free surface, and the 
position of the free surface is determined by establishing and 
solving the transport and diffusion equation of the volume 
function. 
The transport and diffusion equation of the volume 
function： 
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When the volume function F is equal to 1, the element is 
filled with liquid; when the volume function F is equal to 0, 
there is no liquid in the element; when the value of F is 
between 0 and 1, the element is half-filled with liquid. 
 
1.3 Structure control equation
The runner blades elastic structure equations are as follows: 
                                             (8) 
There, M is the mass matrix, Kg; C is the damping matrix, 
N.s/m; K is the stiffness matrix，N/m; U is the displacement 
vector of the node, m;  is the velocity vector,m/s;  is the 
acceleration vector, m/ ; F is the force that a node 
receives,N. 
In this paper, fourth strength theory is used to calculate 
the equivalent stress of each node ( Von Mises stress): 
 =      (9) 
Where,  is the equivalent stress of a node, Pa; ,  
and are the first, second and third principal stresses, 
respectively. 
 
2. GEOMETRY MODEL AND MESH 
GENERATION 
 
2.1 Geometry model 
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In this paper, a horizontal bulb type hydropower station was 
set as the research object, the geometry of computational 
domain is shown in Figure 1; and table1 shows the basic 
parameters of the bulb turbine. 
 
Table 1. Basic parameter of bulb turbine 
Basic parameter Value 
Runner diameter 7.2 
Number of guide vane 16 
Number of blades 3 
Hub-tip ratio 0.35 
 
 
Figure 1. Geometric model 
 
2.2 Mesh generation  
High-quality structured grids for all components of the 
turbine units are created by the commercial software 
ANSYS ICEM-CFD with multi-block templates. The grids of 
the whole computational domain and turbine local region 
are shown in figure.2 and the grids distribution of each 
components of computing domain are shown in table 2. 
The grid generation of blade solid domain shown in figure 3 
is created by ANSYS, and the grid of solid domain contains 
51974 elements and 64293 nodes. 
  
(a) Computational field (b) turbine region 
Figure 2. Grids of the computational domain  
 
Figure 3. Grids of Solid domain 
Due to the large density difference between water and 
vapor, the phase interface is often clear at the free-surface, 
and the sparse grids near the free-surface will cause a wider 
phase interface and a greater error of the results, so the 
girds are refined near the free surface. Meanwhile, the 
volume fraction gradient of the water and vapor changes 
larger at the phase interface; denser grids can help the 
 
 
 
better development between the water phase and the vapor 
phase. Therefore, the grids near the free surface is encrypted 
during generating the grids, this method not only can prevent 
the calculation speed slow down caused by the dense grids of 
the entire computational domain effectively, but also can 
make a good simulation for the phase interface. 
 
Table 2. Grid distribution of each components 
Flow passage components Number of Nodes 
Number of 
elements 
Intake and upstream reservoir 
domain 1153656 1115892 
The guide vane domain 838080 784160 
The runner domain 436912 410184 
The draft tube and downstream 
reservoir domain 521569 505212 
Total 2950217 2815448 
 
3. CALCULATED OPERATING POINT AND 
BOUNDARY CONDITION  
 
Based on the combination operating condition curve, a 
calculated operating point was selected, and the guide vane 
opening is 65 °, the Blade setting Angle is 5°, the water head 
is 7.3m, and rated speed of the unit is 75 rpm. In this paper, 
Fluent was used as the solver for transient flow field 
calculation, and time step is defined by rotation speed of 
runner, in each time step, the runner rotated 0.05°. 
 
Figure 4. Initial flow field 
In this study, the initial flow field is shown in figure 4. The red 
region indicates the initial position of the water, and the blue 
region indicates the initial position of the air.  Boundary 
conditions are set as followings: 
Inlet of the upstream reservoir: free surface height and 
hydrostatic pressure.  
Outlet of downstream reservoir: free surface height and 
hydrostatic pressure. 
Top of reservoir: opening surface (water volume fraction 
is 0). 
Rotating components: the runner is rotating component, 
the rotating speed is given. 
Solid wall: solid wall with smooth no-slip boundary. 
Medium: water and air. 
During the calculation of solid domains, a fixed 
constraint was applied at the blade axial. The centrifugal 
force was set as clockwise angular speed around the Z axis. 
The initial direction of gravity is the same as X axis positive 
direction, and the water pressure of the fluid domain on the 
structure was exerted by the fluid solid coupling surface. 
Figure 5 is the blade restraint and load of the runner .The 
material of runner blade is 0Cr13Ni5Mo. (The density is 7850  
 
 
 
Water outlet 
Open face 
Water inlet 
Bulb turbine 
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kg/m3, the elastic modulus is 210MPa, The Poisson's ratio is 
0.3). 
 
4. RESULT ANALYSIS 
 
4.1 The analysis of bulb turbine flow field with 
considering gravity field  
4.1.1 Internal pressure distribution 
Figure6 shows the pressure distribution on the entire 
computational domain. It can be seen that the pressure 
distribution on the computational domain is obviously 
inhomogeneous because of the gravity of the water flow. The 
pressure above the free surface is constant atmospheric 
pressure, and the pressure increases with the water depth 
increases below the free surface. It is affected by the rotation 
of runner and the gravity of flow. The pressure distribution of 
blade has strong different along the height direction as 
shown in Figure 7. The suction side of blade at the top of the 
runner chamber has larger low pressure area, while the 
pressure on blade at the runner center elevation take second 
place, and the blade at the bottom of runner chamber has 
relatively high pressure. Thus, for horizontal turbine, the 
cavitation is easy to occur at the top of the runner chamber, 
while cavitation is rarely seen at the bottom of the runner 
chamber. 
 
Figure 6. Pressure distribution in the turbine 
 
 
(a)Pressure side of blade       (b)suction side of balde 
Figure 7. Pressure distribution on runner blades 
 
In order to research the pressure change on runner 
blade during rotating, four monitoring points are defined 
 
 
 
(Shown in figure 8(a)). Figure 8(b) shows the pressure 
fluctuation of different monitoring points on the blade surface 
during operating of the turbine. It can be found that the 
runner blades must go through the low-high-low cyclic 
process, when the blades are in a different position. And the 
pressure on blades changes. The periodic pressure 
fluctuation appears at blade surface, especially the position 
near blade leading edge (Point1) has the biggest pressure 
fluctuation amplitude, and the Point2 and Point3 are inferior. 
Point4 has less pressure fluctuation. So the blades of bulb 
turbine are easy to fatigue for this cyclical pressure at the 
leading edge of the blade. 
 
(a) Monitoring points 
 
(b) Pressure distrbution 
Figure 8. Pressure variation on the blade during rotating 
 
4.1.2 Velocity distribution 
 
Figure 9 shows the inlet velocity distribution of bulb turbine, 
the sudden change of flow passage from the reservoir to the 
inlet section makes low velocity zone and circumfluence 
appear at the left and right sides of the inlet section. At the top 
of the inlet section, two high speed zones formed in this 
position because of the water swarming into runner. 
 
 
Figure 9.  Velocity vector distribution in theinlet part of the 
bulb turbine 
 
 
 
 
Figure 5. Runner blade constraint and load 
Point1 
Point 2 
Point3 
Point 4 
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 Through the analyzing for 
the inlet and outlet velocity 
distributions of the different 
blades (blades number are shown 
in figure 10), the velocity moment, 
radial velocity and axial velocity 
distribution of the inlet and outlet 
of blade are shown in figure11. 
The inlet velocity components of the blades at different 
positions are different, it can be seen that the non-uniformity 
flow in turbine caused by the free surface is not completely 
eliminated by the bulb body and the guide vanes. 
 
(a)Velocity moment              (b) Radial velocity  
 
  (c) Axial velocity  
Figure 11. Velocity distribution of the runner inlet and outlet  
 
4.2 The bulb turbine fluid-solid coupling analysis 
with considering the water gravity and free-
surface  
In order to analyze the 
change of the equivalent 
stress and deformation 
displacement of blade 
structure with the blade 
position during the 
rotation of the runner, the blade circumferential position 
was marked by using the method which shown in Figure 12. 
 
4.2.1 Equivalent stress analysis of the blade 
Figure13 is the equivalent stress distribution of blades in 
different positions, it is shows that the maximum equivalent 
stress of the blade appears in the connecting position of the 
runner blade and the pivot flange, with this position as the 
center, the equivalent stress are attenuated gradually from 
the pivot flange to the inlet and outlet of the blade and 
blade  flange, and it is obvious that the location of fatigue 
damage in the operation of hydraulic turbine is located at the 
root of the blade. Moreover, when the blade is at, the 
maximum equivalent stress is 480.3 Mpa with 0° balde 
angle, 
 
 
 
383.32 Mpa with the 90° blade angle, 416.65 Mpa with 
180°balde angle, and 106.46MPa with 270°balde angle. 
 
  
 
（a）0° position                  （b）90° position 
 
（c）180° position              （d）270° position 
Figure 13.  Equivalent stress distribution 
 
When the cantilever beam blades are at different 
positions, the maximum equivalent stress at the root of the 
blade is affected by the hydrodynamic pressure, the blade 
gravity and the gravity water: 
(1)when the blade is lifting or descending during the runner 
rotating, the self-gravity and the water gravity exert a shearing 
effect on the root of the blade, and the equivalent stress 
reaches the maximum;  
(2) when the blade at the bottom of the runner chamber, the 
self-gravity and the gravity of the water flow exert tensile 
stress on the blade;  
(3) when the blade is at the top of the runner chamber, the 
self-gravity and the water gravity exert a compressive stress 
on the root of the blade. Therefore, with the rotation of the 
runner, the blade is subjected to alternating stresses, which 
will cause fatigue damage at the root of the blade. 
 
4.2.2 Blade deformation and displacement analysis 
 
（a）0° position                  （b）90° position 
 
（c）180° position              （d）270° position 
Figure 14.  Equivalent stress distribution 
 
 
 
 
Figure10. Blades 
number 
 
Figure 12.  Direction of θ 
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Figure 14 shows the displacement distribution of blade 
at different locations, and the blade deformation appears in 
the position of blade flange. when the angles are 0°, 90°, 
180°, 270°, the deformation displacements are 12.312mm, 
12.133mm, 11.508mm, 9.715mm. When the blade is at the 
bottom of the runner chamber, the deformation is larger. But 
at the top of the runner chamber, the deformation is smaller. 
Therefore, during the rotation of the runner, the maximum 
deformation position of the blade is gradually approaching 
the blade outlet. Thus it can be seen that，the deformation 
position and the maximum deformation displacement 
changed during the operating of the turbine. 
 
5. CONCLUSIONS 
In this paper, the numerical simulation of flow field in 
prototype bulb turbine with considering water gravity and 
free-surface of reservior was conducted. Under the gravity 
field, the Influence of non-uniformity inflow conditions on 
hydrodynamic characteristics of bulb turbine was explored. 
And the effect of non-uniformity inflow conditions and gravity 
field on structural stress and strain of runner blade was 
analyzed by using the fluid-solid coupling calculation., the 
main conclusions are as follows: 
(1)During the operation of the turbine, the runner blades 
must go through the low-high-low cyclic position process, 
and the pressure on the blade surface fluctuated 
periodically. 
(2)The non-uniformity of the inflow caused by the free 
surface, the sudden change of flow passage and the water 
gravity will affect the axial symmetry of the flow. 
(3)With the rotation of the runner, the blade at different 
circumferential positions beared the alternating stresses, the 
fatigue failure occured at the root of the blade. At the same 
time, , the maximum deformation of the blade flange position 
can be different. 
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